Heat-induced transformation of CdSe-CdS-ZnS core-multishell quantum dots by Zn diffusion into inner layers † In this work, we investigate the thermal evolution of CdSe-CdS-ZnS core-multishell quantum dots (QDs) in situ using transmission electron microscopy (TEM). Starting at a temperature of approximately 250 8C, Zn diffusion into inner layers takes place together with simultaneous evaporation of particularly Cd and S. As a result of this transformation, Cd x Zn 1Àx Se-Cd y Zn 1Ày S core-shell QDs are obtained.
CdSe, a II-VI type semiconductor, is a widely studied nanocrystal (NC) in colloidal science as its emission can cover the whole visible spectrum via size tuning, 1,2 making CdSe NCs important for several applications such as biolabeling and LEDs. 3, 4 Despite having interesting functional properties, NCs in general suffer from instability, in particular surface oxidation, 5, 6 due to the high surface to volume ratio. In order to increase the stability of CdSe QDs, a wide-band gap II-VI semiconductor such as ZnS can be successfully grown onto a CdSe core. The advantage of a wide-band gap ZnS shell is that both electrons and holes are kept confined in the core with increased stability as well as decreased toxicity. [7] [8] [9] [10] However, the lattice mismatch in the CdSe-ZnS core-shell system is about 12%, leading to interfacial strain, thus resulting in the formation of trap sites for charge carriers and increased blinking. 1, 8, [11] [12] [13] We thus speak of CdSe-CdS-ZnS core-multishell QDs.
Although the knowledge of the synthesis of NCs as well as the optical properties of NCs is now advanced, detailed information on the thermal and temporal behavior of these structures is limited. In situ transmission electron microscopy (TEM) coupled with the microelectronic mechanical system (MEMS) technology can shed light on various interesting thermal changes in nanostructures, which can be of critical importance for the implementation of these QDs in devices. For example, in CdSe-CdS dot-in-octapod morphology NCs, heating induces the segregation of pure Cd domains at the side of the octapods. 17 In another work, the Here, we show the thermal evolution of CdSe-CdS-ZnS coremultishell QDs whereby Zn diffusion into the inner layers of the QDs takes place at elevated temperatures. The structure evolves into Cd x Zn 1Àx Se-Cd y Zn 1Ày S core-shell QDs with irregular morphologies.
The synthesis of the CdSe-CdS-ZnS colloidal QDs was performed as follows: CdSe QD seeds were synthesized first, 19 and then a CdSZnS multishell was grown onto CdSe QD seeds via the successive ion layer adhesion and reaction (SILAR) method. 7 In order to minimize the interfacial strain between the CdS and ZnS shells, a monolayer of CdZnS was grown in between. Details about the synthesis can be found in the ESI. † For in situ heating experiments, 8 mL of colloidal QD solution was deposited on a MEMS based micro-hotplate inside an argon-atmosphere glove box. After the evaporation of the solvent, the set-up was mounted on a low drift heating holder produced by DENSsolutions. 20 The in situ heating experiments were conducted using two different Cs-corrected FEI Titan microscopes, one of which is equipped with a high-brightness gun and a Chemi-STEM (Scanning Transmission Electron Microscopy) detection system for Energy Dispersive X-ray Spectroscopy (EDX). Both Bright Field TEM (BF-TEM) and High Angle Annular Dark Field STEM (HAADF-STEM) imaging techniques were used in our studies. In order to prevent beam damage while using the high-brightness gun in Chemi-STEM elemental map studies, a relatively low acceleration voltage of 120 kV was employed. Other studies were carried out at an acceleration voltage of 300 kV. A camera length of 115 mm was used in HAADF-STEM studies to limit diffraction effects in this mode. Fig. 1a presents an HAADF-STEM projection of several CdSeCdS-ZnS core-multishell QDs in their initial state at room temperature (RT). The corresponding elemental maps of Se, S, Cd and Zn are displayed in Fig. 1b-e , and an overlay of the Cd and the Zn map is presented in Fig. 1f . From the maps, it is clear that the QDs consist of a CdSe core, a CdS intermediate layer and a ZnS outer shell. The Se-map (Fig. 1b) as well as the empty QD centers in the S-map (Fig. 1c) indicate the CdSe core region. The overlay of the Cd-and Zn-maps (Fig. 1f) clearly demonstrates the outer shell. From the elemental quantifications performed on 10 different QDs (Table S2 in the ESI †), the average cation/anion ratio was found to be 0.99 AE 0.05 throughout the structure. All elemental quantifications were performed using the Cliff-Lorimer method with k-factors as implemented in the Bruker ESPRIT software. Fig. 1g and h show high resolution (HR) TEM images of two QDs along [001] and [1% 10] zones, respectively. From the HRTEM images and inset Fourier Transforms (FTs), the crystal structure was found to be hexagonal wurtzite. HRTEM images did not show any defects or irregularities throughout the structure, showing that the CdS-ZnS shell was grown epitaxially on CdSe. 7, 15 The FTs do not reveal separate atomic spacings of different layers. It has been reported that in the CdSe-CdS core-shell and the CdSeCdS-ZnS core-multishell systems, the CdSe core is compressed by the shell domains. 15, 21 As a result, the atomic spacings of CdSe are reduced. From the FTs, we observed the atomic spacings close to that of CdS as most of the QD is composed of the CdS intermediate layer and therefore dominating the structural properties of the QDs as a whole. When CdSe-CdS-ZnS core-multishell QDs were heated in the TEM, we observed a morphological and structural change as depicted in Fig. 2 . The initial sphere-like QDs adopted irregular shapes starting at temperatures of 250 1C and higher. Movie S1 (ESI †) shows the morphological evolution of QDs when they were heated from 200 1C up to the sublimation temperature of 320 1C. Considering the elemental distribution, Fig. 2 shows that Zn diffused into the inner layers of the QD structure. The high temperature Zn-map (Fig. 2e) covered the QD structures completely, which was not the case at the initial state (Fig. 1e) where Zn was only present in the outer shell. Note that chemical mapping was always performed in areas not previously exposed to the electron beam, and the transformation was found to take place on the entire TEM support membrane, indicating that the electron beam did not initiate the transformation. In the literature, Zn diffusion has been observed in CdSe-ZnSe [22] [23] [24] and Cd 1Àx Zn x S-ZnS core-shell structures 25, 26 at elevated temperatures. It has been reported that cations in II-VI semiconductors such as ZnS have a high tendency to diffuse. [27] [28] [29] Considering the anions, the Se-map (Fig. 2b) shows that Se retains its position in the core at high temperature. Moreover, the QD centers in the S-maps (Fig. 2c) are still dark, indicating that S did not diffuse into the core. Note that besides the change in the structure and morphology, the overall size of the QDs became smaller at elevated temperature due to simultaneous evaporation of cation and anion species. The cation/anion ratio obtained through elemental quantification of 10 different QDs verifies this (Table S3 in the ESI †). At elevated temperature, the average cation/anion ratio was found to be 0.96 AE 0.08, which is similar to the ratio at the initial state. In order for this to happen, simultaneous sublimation of species (particularly Cd and S) should take place, so that Zn can replace some Cd in CdS and CdSe. Unless the in-diffusing Zn atoms all occupy interstitial sites, the in-diffusion of Zn is accompanied by out-diffusion of part of the Cd atoms and subsequent evaporation. The diffusion process could be either a vacancy-assisted migration mechanism, 30 or an interstitial-substitutional migration mechanism. 31 From the quantifications, the average Cd content in the whole QD decreased from 38 at% to 27 at% and the average Zn content increased from 12 at% to 22 at%, suggesting the evaporation of Cd with heating. We mention here that the vapour pressure of pure Cd is two orders of magnitude higher than that of pure Zn in this temperature range, 32 but the evaporation from the QD also depends on the bond strengths of the compounds. Cd evaporation from heterogeneous NCs was previously observed when sandwich morphology CdSe-Cu 3 P-CdSe NCs were heated. 33 Recently, we also observed Cd evaporation in CdSe-PbSe heterogeneous NCs at temperatures even lower than 200 1C. 30 The average atomic percentages of anions (Se and S) in the QDs did not change much with heating. As the average cation/anion ratio after transformation was found to be 0.96 AE 0.08 (still close to 1), not only cations but also anions should have evaporated during heating. In summary, as a result of in situ heating, CdSe-CdS-ZnS core-multishell QDs transformed into two-layer Cd x Zn 1Àx Se-Cd y Zn 1Ày S core-shell QDs.
To monitor the effect of heating on the crystal structure, the evolution of a single QD was followed in high resolution. Fig. 3 shows high resolution HAADF-STEM images of a single QD at different temperatures until the sublimation at 310 1C. The QD was oriented along the [001] projection (along the c-axis). The FT of each image in Fig. 3 is placed below each corresponding image. The QD retained the hexagonal wurtzite crystal structure up to the sublimation point. At a temperature of 270 1C (Fig. 3b) , a dark spot in the middle of a QD was observed, possibly due to the accumulation of radiation damage caused by the focused electron beam during imaging in high resolution. Note that the 'parking position' of the electron probe was far away from the QD in order to limit beam induced damage. Movie S2 (ESI †) shows the QD shown in Fig. 3 at the later stages of heating and while undergoing partial sublimation. With heating, the morphology of the QD changed at first and a significant part of the QD sublimated later.
In this study, we have shown in situ the thermal evolution of CdSe-CdS-ZnS core-multishell QDs into Cd x Zn 1Àx Se-Cd y Zn 1Ày S core-shell QDs by Zn diffusion into the inner layers of the QDs starting from approximately 250 1C. The initial sphere-like morphology of the QDs became irregular upon heat treatment and the QDs became smaller in size due to simultaneous evaporation of cation and anion species (particularly Cd and S). High resolution HAADF-STEM studies revealed that the hexagonal wurtzite crystal structure was retained up to the sublimation point.
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